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Abstract: The structure  and  residual  stresses  of  TiN films depesited on  a  steel  substrate  were  investigated by X-ray

difftaetion, TiN films approximately  4 ym  thick were  depesited on  one  side  of  the substrate  by thermal ehemical

vapor  depositiofi (TiNcvD film). The  TiNcvD  film exhibited  high {100} orientation.  Tlte two-exposurc  method  was

used  to evaluate  residual  stresses  in the TiN films by measuring  latticc strains  in the directions determined by the

crysta1  orientation  of  the film, The TiNcvD films had the compressiye  residual  stress  of  -1.8 GPa, which  is as  large

as  the thermal residual  stress  expected  from a  thermal strain  misrnatch  between the film and  the substrate.  The

residual  stresses  did not  change  by annealing  at temperatures below 1073 K,  but they increased with  increasing

annealing  temperatures above  1073 K, almost along  with  thc thermal residual  stresses.  By  X-ray photoelcctron

spectros ¢ opy  (XPS), we  determined the ratio  of  nitrogen  to titanium (NfTi) after the annealing  treatments. The

results  ef  the XPS  analysis  showed  that the initiul value  of  NfTi was  about  1.08 in the as-deposited  TiN films and

that the ratio  of  NtTi did not  change  after  anneulirig  at temperatures below 1073 K, but deereased to l.OO after

annealing  at  temperatures  above  1073 K,
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1. INTRODUCTION

  TiN  coatings are widely  used  as a thermal cormsion

barrier and  a wear  resistance. They  are usually  depos-
ited on  steel, e.g. on  punching dies and  cutting toels, to

extend  their lives. However,  large residuai stresses are

necessarily  encrvated  in coating  films due to mismatch
of thermal expansion  between the film and  the substrate

and  other  reasons  [1-3], exening  a great influence on

the mechanical  propenies of  coated  material. Therefore,
it is important to kmow  the state of  residual stresses in

the film and  the  substrate.

  X-ray stress  measurement  is very  usefu1  to ins'esti-

gate these residual  stresses in the coatings, Considerable
eiibrts  [4, 5] hasre been made  in stress measurement  of

various  ceramic  coatings  (including TiN), deepening our
understanding  al)eut the relationship  between the resid-
ual stress and  process parameters such  as depositing
temperatures.

  In the previous paper [6], we  found that the residual

stresses in the TiN  films deposited by the Multi-Arc

physical vapor  deposition method  (TiNpvD film) were

changed  by armealing.  In the present paper, we  inves-
tigate the stiess  state in the TiN films depesited by
therrnal chemical  vapor  deposition (TiNcvD film) based
on  the X-ray stress measuring  rnethod.  By X-ray photo-

electron  spectroscopy  (XPS), we  determined the ratio  of

nitrogen to titanium (NIri) after the annealing.  A  com-

parison was  made  between the rcsidual  stresses in the

TiNcvD and  TiNpvD films and  the ratio of  Nt] i after

annealing.

2. EXPERIMENTALDETAILS

2.1. Materials

  Spring steel (SUP3:JIS) plates measuring  12 mm  ×

20 mm  ×  4 mm  was  used  as a substrate, Before deposi-
tion the substrate  was  ground to thc surface  roughness

of O.05 pm  Ra, and  then annealed  for 1 hour at 873 K.
Resichial stresses of  the annealed  substrate  were  rmging

from  -5 MPa  to 10 MPa,

  TiNcvD and  TiNpvD films were  deposited on  ene

side  of  the substrate  by thermal CVD  and  Multi Arc

Tahle 1. Conditions ofTiN  depositing.

Nameof,speclmenFilmFilmthicknessDqposlting
ternpc!atureK

C.Oet/Ilki

TiNpvD 523 PVD

TiNcvDTiN
4

973 CVD
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PVD.  The films was  appioximately 4 -m  in thickness.
Tahle 1 shows  conditions  of  TiN depositing.

2.2. X-ray Stress Measuring  Method

  As it will  be explained  in detai1 in the fo11owing,
the TiNcvD  and  TiNpvD  films exhibit  high {100} and

{111} orientation, respectively.  In such  a  case, no  difL
fraction intensity appears  at  an}'  gLf angle  except  for
particular angles  y  defined by the crystal stmcture

combined  with  crystal orientation. Because the sin2{ef

method  cannot  be adopted  in this case,  residual  stresses

in the TiN films were  evaluated  by the two-exposure
method  with  measuring  lattice strains in the directions
deterrnined by the crystal  orientation  of  the film [6].
When  {IOO} plane of  the cubic  lattice lies parallel to
the surface, TiN420 difficaction appears  at }ttl =  26.6e          e
and  ieb 

==
 63.4. When  the {111} plane of  the cubic

1attice lies parallel to the suiface,  we  ebtain  222
difftactions at ur ==

 O' and  70.5e [6,71. In the both cases,
y  is the angle  between the normal  of  the specimen

surface  and  the norrnal  of  the diffiaction plane. In this
case, if we  assume  an  equal-axial  plane stress  state, the
fo11owing equation  can  be used  for evaluating  residual

stress  a     ,

    Eg=
 1+y'dyi

 
-

 dvc2. 1
do sin2 vo -sin2 vig,

 (1)

where  E  and  y  are Young's modulus  (429 GPa) and

Poisson's ratio (O,19) respectively,  these have been cal-
culated  from the single-crystal  elastic constants  of  TiN
by using  the Eshelby-Kr6ner model  [8]. db is the
spacing  of  the same  planes in the absence of  stress. dvi

and  dve aie the stiains calculated  by the Bragg low
from  the 2e  values  of  TiN420 and  TiN222 diffraction at

the above two v angles. Tahle 2 shows  X-ray meas-

urement  conditions.

2.3. X-ray Photoelectron Spectroscopy(XPS) Analysis

  Tlie ratio  of  NrTi  was  determined by X-iay photo-
electron  spectroscopy  (XPS) depth profile analysis  of

Perkin Elmer Phi 1600E  [Mgka]. The XPS  analysis  was

perfbrmed  after Ar sputter etching  on  TiN film surface.

  [[he depth proiile of  the spectra  of  N-ls and  that of
Ti-Zp peaks were  measured  by the XPS  analysis. We

calculated  the ratio of  N/Ti by comparing  the areas  of

N-ls  peak with  that of  Ti-2p peak after background
corTectrons.

2.4. Annealing  Treatment

  In erder  to investigate bow the structure  and  the
residual  stress in the film change  by heat-cool crycles,

the specimens  were  annealed  in a vacuum  furnace at

temperatures of  473, 673, 873, 1073. 1273 and  1473 K.

The duration of  each  temperature was  60 minutes. After

Tal)le 2. X-ray measurement  conditions.

imterial TiN

CharacteristicX-ray CuKct

Tubevoltage 40kV

Tubecurrent 20mA

X-rayoptics Para-forcusin

Filter Nickel

Mfliactionfor
stressmesurement

(2e,deg.)

TiN420((M))
(108.7)

TiN2272s<PVD)

lnadiatedarea 2 × 8mm2

annealing  treatment,  specimems  were  cooled  down  to the
room  temperature,

3. EXPERIMENTAI.  RESULTS

3.1. Crystal Orientation of  TiN  Film

  Figure 1 shows  examples  of  the X-ray diffraction
pattern from  the TiNcvD film. Because  of  the high
{100} orientation  of  the TiNcvD  film, only  two  intemsity

peaks, 200  and  400 difliraction of  TiNcvD, were  detected
in a2e  scanning  for both asdeposited  alld  annealed

TiNcvD  films. The  peak intensity of  200 and  400
difftaction did not  change  by annealing  below 1073 K.
However, marry  diffraction peaks including 200 and  4oo
difftaction appeared  after annealing  at 1273 K. The
intemsity of  all these peaks from the TiN film decreased

opao

)-m=eE

Annealingatl473K

s.roN.z.F :coz.H M8F

.v;-

Annealingat1273K

EI9o9E-o8

£

:xL8tz.H 98za

oovz-

As-deposited
' ' ' '

   30 50 7e 90 110 130 15e

                 2e, deg.

Fig.1. Change in diffraction pattern of  TiNcvD film with
amiealing  treatment; as-deposited  arKl after annealing  at

1273 K  and  1473 K.
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Fig.2. Integrated intensity distribution against  ILt; as-

deposited TiNcvD film, TiN200, 400 and  420 diffrac-
tions, CuKa  radiation.
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Fig,3. Integrated intensity distribution against  vt angles;
TiN  222 diffraction, as-deposited  TiNpvD film, Cul<ct
radiation.

afier armealing  at  1473 K.

  When  {100} plane of  the cubic  1attice lies parallel
to the surface, TiN420 difflraction appears  at y  =  26.60
      o
and  63,4.Figure 2 shows  the distribution of  integrated
intensity in the TiNcvD  film at su=angles. TiN400 difL
fraction and  TiN420 diffraction appeared  within  a few
degrees around  y=  Oe, 27e and  63e, respectively.  The
Trv200  shows  a peak around  sef z  O' and  a gentle
decrease at v-angles, i.e., small  TiN200 diffraction
appeared  even  after a large increase in y. These resiLlts
mean  that the TiNcvD film is mamiy  cemposed  of

{100} oriented  crystal, i.e., the {100} crystal axis  ef  the

TiN crystals ceincides  with  the norrnal  of  the TiN film
surface, but small  parts of  the crystal are randomly

oriented.

  On  the ether  hand, in the case  of  TiNpvD  film, only
two  intensity peaks of  111 and 222 diffractions of  TiN
were  detected by 2e  scamiing  for both the as-deposited

TiNpvD film and  the anneaied  TiNpvD  film. Figure 3
shows  the integrated intensity distribution agaillst y
angles  in the TiNpvD  film. The  {III} of  TiN  crystals

b"2-oEv-
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Fig.4. Changes in miegrated intensity and  FWHM  with

increasing annealing  temperatures, TiNcvD  film, TiN200

diffractien.

 -10

 
'E

 "=bb

Il/:ts  
`,'

itff.
8 E
ts o.41

-?.o  odi
-

 300 500              900 1300 1700

        Annealing temperature 7; K

Fig,S. Change in integrated intensities and  FWHM  with

increasing annealing  temperature TiNpND  film, TiN200

difftaction [6].

orients  parullel to the surkice  normal  of  the substrate

within  ± 10 degrees. These results mean  that the

TiNpvD film exhibited  high { 111} orientation.

3.2. Change  in Crystal Structure of  TiN Film

  Figure 4 represents  the changes  in integrated inien-
sity and  in the  fu11 widrh  at haifimaximum intensity

(FWHM) by annealing  in the TiNcvD fiIm, These data
were  obtained  ffom TiN200 difhaction at v  =:  O'. Each
of  the points in the figure sbows  the Efverage  value  of

measurements  of  five times. For amiealing  at 1273 K,
the measured  values  scatter largely as shown  by the
error  bar, which  represents  the range  of  the measured

values.  For the other  annealing,  the scatter was  below
one  order  of  magnitude.  The integrated intensity and  the
FWHM  did not  change  by annealing  below 1073 K.
However,  a large decrease in the integrated intensity
and  a large increase in the FWHM  were  observed  after

the annealing  above  1073 K,

  Figure 5 was  obtained  ffom 222 difliraction of

TiNpvD film. A  smal1  increase in the integrated inten-
sity and  a relatively large decrease in the FwaM  were
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  (a) as-deposited  (b) 1073K  (c) 1473K
Fig.6. Morphological change  of  TiNcvD films with  increasing annealing  temperatures.
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Fig.7. Changes in residual  stress  in the TiNcvD  and  the

TiNpvD film with  increasing annealing  temperatures,

ebtained  with  increasing annealing  temperature. The  an-

nealing  treatment caused  little increase in integrated
intensity of  the TiN  fi1rns. The  increase was  so small

that it is thoughi that the TiN  crystals  underwent  no  re-

crystallization. A relatively 1age decrease in the FWHM
was  obtained  with  increasing annealing  treatment. As a

result, a decrease in the third kind of  residual  stress or

growth of  TiN crystal grains occurred  in the film.
 The  annealing  treatment affbcts the sunhce  condition

of  TiNcvD films. Scarming electron  micrographs of  the

TiNcvD film surfaces  are shown  in Fig.6. Many  small

TiN crystal grains were  observed  on  the TiN film
surftace. They  show  no  significant change  by annealing

below 873 K. Recrystallization of  TiN grains appeared
on  the surface  when  the specimen  was  annealed  at 1073
K, which  was  higher than the deposited temperature

(973 K). After annealing  at 1473 K, the growth  of  the

recrysta11ized structure was  observed  in the film. As a

result of  this recrystal1izatien, the surface  roughness  of

the TiNcvD  films was  increased by  crysta1  grain growth.

3.3. Residual Stress

 Figure 7 shows  the residual  stresses measured  in the
TiNcvD film as well  as in the TiNpvD film. Residnal
stress ef  the TiN film measured  for five times. The
therrnal residual  stresses calculated  from  the differences
in the therrnal contraction  of  the TiN film and  the
substrate  [6] are  also plotted.
  The as-deposited  TiNcvD and  TiNpvD  films have
high compressiye residual stresses of about -1.8 and  -9.8

GPq  respectively.  We  measured  residual  stresses five
times, The range  of  the measured  values  was  within

±  5%  of  the average  value.  The residual  stresses in the
TiNcvD films did not  change  after annealing  at tem-

peratures below 1073 K. On  the other  hand, those in the
TiNpvD  films decreased along with  increasing armealing

temperatures above  473 K, reaching  the therrnal residual

stress level above 1073 K. The  cornpressive  residual

stresses in TiNcvD  and  TiNpvD  films increased by

annealing  above 1073 K.

4. DISCUSSION

4.1. Effect of  [[?iermal Residual Stress

  The development of  the residual  stress in the film
depends on  the deposition conditiens,  such  as temper-

ature, ion borribardment (in PVD  method)  and  eriviron-

ment.  Mismatched therrnal contraction  between the film
and  the substrate  generates thermal residual  stress after

cooling  from the depositing temperature to room  tem-

perature. Assuming that there is no  stress at the depos-
iting temperature, the thermal  residual  stress is given by

qh 
==

 k. vi, {( curT  q, ,th) LT + Ae },(2)

where  EiT and  vlr are, respectively,  Young's modulus  and
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Poisson's ratio of  the film. clp (ctp =  9,6× 10'6 K'i ) is
the coefficient  of  thermal expansion  (CTE) of  the  film.

The  EIJ ,ifr  and  op  values  are assumed  to be constant,
When  the substrate  is carbon  steel, the q,,h changcs

with  temperature, and  the volume  changes  owing  to the

phase transformatien from austenite  to ferrite. The
cooling  process of  the substrate  material  is divided into
three regions,  i.e. Oferrite(q,.bo= 13.9× 10'6 K'i, be-
low 950 K), Omansforming(As= 1.54× IO'3, between
¢ 'and@)

 and  @austenite(q,.be=22.4 × 10'6 K'], iibove

1000 K) regions.  From  an  expansion  of  Eq,(2). the ther-

mal  residual  stress is represented  [6]. And  L-T  is the
temperature drop from the depositing temperature to

room  temperature.

  The  as-deposited  TiNcvD  and  TiNpvD  films have
high compressive  residual stresses of  about  -1,8 and

about  -9.8 GPa, respectively.  The stress value  in the
TiNcvD  was  the samc  as the thermal residual strcss (-l.6
GPa) calculated  by Eq.(2) using  L' 7}=700 K  which  is
derived from the depositing temperature of 973 K. On
the other  hand, compressive  residual  stress in the

TiNpvD film is one  order  larger than the thermal
residual  stress (-O.57 GPa). High  cornpressive  stresses in

the TiNpvD  filrns seem  to have been generated not  oniy

by the stress calculated  by Eq,(2) but also by an  ion

bombardment  of  the  film suiface  during the  depositing

process. However, the thermal CVD  method  has no

effect on  atomic  peening during the depositing process
because the films grow by chemical  reaction  in the
heating chamber  where  the film and  substrate tempc}r-

atures are equal  to the depositing temperature. It appears,
therefore, the residual  stress in the TiNcvD  flm origi-

nates  solely from the thermal residual  stress and  can  be
calculated  by the Eq.(2).

  Residual stress  in the TiNcvD film did not  cliange

by armealing  up  to 1073K, but increased along the

thermal residual  stress after armealing  above I073K. On
the other  hand, residual  stress in the TiNpvD film
decreased with  increasing annealing  temperatures above

473 K. After reaching  the minimum  yalue  at 1073 K, it
increased with  increasing aimealing  temperatures.

4.2. The Relationship Betvveen the REtio of  Nfl"i and
the Annealing Treatment

  Figure 8 shows  the changes  in the ratio  of  nitrogen

to titanium (Nrri) in TiNcvD and  TiNpvD films. By
X-ray photoelectron spectroscopy  (XPS), we  deterrnined
the ratio NII'i after the armealing  at various  tempe]a-

tures. The results of  the XPS  analysis  showed  that the

initial value  of NA"i was  about  l,08 in as-deps)sited

TiNcvD films. The ratio of  NrTi did not change  by
annealing  below 1073 K, but it decreased to 1.00 by
annealing  above  1073 K. On  the other  hand, the ratie of
Nffi in the TiNpvD films kept its initial value  (1.08)
unti1 armealing  up  to 1273 K, fo11owed by a decrease to

1,3

12

  LlFs.

 1,OzO,9O,8

   O,7
    300 500 10oo 1500 1700

         Annealing temperature T; K

Fig,8. Changes in NtTi ratio of the TiNcvD and  the

TiNpifD films with  anr}ealing  treatments.

1.00 after annealing  at 1473 K. As a  result, in the case
of  the TiNcvD films, as the Ti-N coinposition  did not
change  after annealing  below 1073 K, residual  stress in
the TiNcvD films did not change  after armealing  belew
1073 K. On  the other  hand, the decrease of  residnal

stresses in the TiNpvD  films after annealing  below 1073
K  was  attributed to the relaxation  of  intrinsic stress

generated by  an  ion bombardment  during the  depositing

process, because the Ti-N composition  in the  TiNpvD

films did not change  after annealing below 1073K.

  Compressive residual  stresses in both TiNc}D and

TiNpvD films increased by annealing  above  1073 K,
These stresses are nearly  equal  to the thermal residual

stresses but the slight diflerence between them  increased
with  increasing annealing  temperatures. This difference
ma}r  have been caused  by stress  relaxation  during

annealing  as  a  result  of  plastic deformation in the

substrate  near  the inierface and  the change  in Ti-N

composMon.

5. CONCLUSIONS

  Residual stresses in the TiNcvD were  measured  by
the X-ray two £ xpesure  method.  We  irrvestigated the

residual  stresses, Ti-N composition  in the TiN film, and
morphology  of  the film suiface.

  The  TiNcvD  film has a structure  with  very  high

{100} orientation  and  cornpressive  residual  stress. The

integrated intensity and  FWHM  did not  change  after

anneaiing  at temperatures below 1073 K  but a  Iaige
decrease in the iniegrated intensity and  a large increase
in the FWHM  were  observed  after  annealing  at 1273 K.
Compressive residual  stresses  in the TiNpvD decreascd
with  increasing armealing  temperatures before reaching
the minimum  value  at 1073 K. Residual stresses  in the
TiNcvD films did not change  after annealing  at tem-

peratures below 1073 K. After annealing  above I073 K,
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residual  stresses in the TiNcvD  and  also in the TiNpvD
films began to increase to the compressive  side along

with  the thermal residual  stress but some  differences
existed  between the measured  stress and  the thermai
residual  stress. Although the surface  of  the TiNcvD

films showed  no  significant change  by annealing  below
873 K, recrystallized  TiN grains appeared  on  the surface
when  the specimen  was  annealed  ahove 1073 K, which

is higher than the depositing temperature (973 K). The
ratio of Ntl]i CI'iNcvD and TiNpvD  films) did not  change

by annealing  below 1073 K  but decreased to 1,OO after
annealing  ahove 1073 K.
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